Abstract: A novel anti-windup PID controller design method under holonomic constraints is proposed for nonlinear Euler-Lagrange systems with actuator saturation. The controller design is based on passivity, quasi-natural potential and saturated-position feedback. According to four saturation cases, switching of four integrating functions in the control law is utilized and four Lyapunov functions, such as hybrid control, are derived. Global asymptotic stability is ensured by energy dissipation between the four Lyapunov functions. The control performance is verified by numerical simulations using a two-link robot arm.
INTRODUCTION
Every plant system is subject to input limitations. When the controller requires an input that exceeds these limitations, the control performance is degraded and becomes unstable. Actuator saturation caused by exceeded input limitations gives rise to windup phenomena, which degrade the control performance. Over the past decade, several anti-windup controller design methods have been proposed for linear systems to suppress windup degradation (e.g., Kanamori et al., 2007) . However, studies of specifically nonlinear robot systems are few. Several studies have investigated antiwindup controller design for robot systems, including those by Kanamori (2011 Kanamori ( , 2013a , Khan et al. (2010) , LopezAraujo et al. (2012) , Loria et al. (1997) , Morabito et al. (2004) , Suntibanez et al. (1996) , Teo et al. (2009), and Zavara-Rio et al. (2009) . Kanamori (2011) proposed an antiwindup PID position controller for nonlinear Euler-Lagrange systems with input saturation. In this work, global asymptotic stability was guaranteed by the Lyapunov theorem based on the passivity described by Arimoto (1996) . This anti-windup method was extended to adaptive tracking control considering input saturation (Kanamori, 2013a) , and the control performance was demonstrated by experimentation (Kanamori, 2013b) . A series of such works based on passivity imply that passivity is extremely suitable to stabilization that considers input saturation for nonlinear Euler-Lagrange systems. Since, in general, holonomic constraints have given rise to almost all robot systems (Khan et al., 2010) , an anti-windup control method based on passivity is expected.
In the present paper, the anti-windup adaptive law by Kanamori (2013a) is extended to anti-windup PID position control under holonomic constraints for nonlinear EulerLagrange systems with input saturation. According to four saturation cases, switching of four integrating functions in the control law is utilized and four Lyapunov functions, such as hybrid control, are derived. Global asymptotic stability is ensured by energy dissipation between the four Lyapunov functions. The control performance of the proposed controller is verified by numerical simulations using a two-link robot arm under holonomic constraints.
PRELIMINARY
Let us consider the case where the endpoint of the manipulator is constrained on a surface (Arimoto, 1996) . The surface is described by a scalar function as 0 ) , , (
where
denotes the Cartesian coordinates fixed at the internal reference frame. The contact force arises in the direction of the normal vector to the surface at point x and the contact friction arises in the direction of x  − with magnitude x x   ) ( x , where ) (⋅ x is a positive scalar function.
Then, the robot dynamics are described by
where , ,..., 
The estimation value of
The closed-loop system is described as
To achieve the state 
Take the appropriate output y and assume that the inner product of y and the closed-loop system (9) has the following form: 
For asymptotic stability, the following lemma may be introduced (Kanamori, 2013a 
the minimum function j V is a Lyapunov function of the whole trajectory of the closed-loop system and the equilibrium state is asymptotically stable. Let us choose the following output y for the evaluation in Arimoto (1996) :
Outline Proof of Lemma 1: For the proof, it is sufficient to show that j V is dissipative on state 1 shown in (18). Taking the time integral of (16), the following relation holds:
where α is a positive definite scalar,
which is regarded as a projection that projects vectors in joint space onto the plane tangent to the surface 0 ) ( = q f at the contact point q , and I denotes the identity matrix. The function ) ( q s ∆ is the output saturation function described in Arimoto (1996) 
where q ∆ is the control error defined by
Property 1: Concering the projection ) (q Q f , the following relations hold. 
Then, the following relations hold: 
(c) There exists a positive real constant 0 c such that the following inequality is satisfied: 
For the inner product, as shown on the left-hand side of (15), notice that the term f T T ) (q J y f is zero with the relations (25) and (27) in Property 1 in Arimoto (1996) . According to the polarity of the inner product ) (u ψ y T , the input saturation function ) (⋅ σ is eliminated, as shown in Property 1 in Kanamori (2013a Kanamori (2013a) and using (33), the following property holds so that the margins between input limits and the gravity term are utilized for the stability.
Property 4:
The following inequality holds: (Kanamori, 2013a) :
The inner product, as shown in (14), is determined by the given robot system. 0 V and 0 W are independent of the controller design and are obtained as follows (Arimoto, 1996 
Property 7: There exists a positive real number a such that the following inequalities are satisfied:
Property 8: The contact force f is given by the following form:
CONTROLLER DESIGN
Let us consider the following proportional, integral and derivative (PID) control law:
where a , b , c , and β are positive definite real numbers that are regarded as feedback gain, and f ∆ is the error between contact force f and its target force d f represented as
. (54) Let us take the following ) (t y according to the four saturation cases (Kanamori, 2013a) :
In CASE (II),
The inner products, as shown on the right-hand side of (36) through (39), can be taken easily because ) (⋅ σ is eliminated and ci V and ci W in (15) are also easily derived. In CASE (I),
in (36) is represented as follows: 
The suffix 1 = i of 1 c V and 1 c W means saturation CASE (I). In the derivation, the following relation, (26) and (28) W , respectively. In CASE (IV), there is no inner product on the right-hand side in (39); however, it is regarded that there is the inner product of zero and ) , ), ( ( f u q g F as follows: The above results imply that we have the following two states according to the saturation cases:
where i V is switched according to saturation cases (I) through (IV). Based on Lemma 1, we have the following main theorem.
Main Theorem (Anti-windup PID control law): Assume that conditions (44) through (46) (47), (48) and (66) 
Then, the equilibrium state of the closed-loop system is globally asymptotically stable.
CONTROL PERFORMANCE
The control performance of the proposed anti-windup PID controller is examined by numerical simulations using a twolink robot arm. A schematic two-link robot arm with contact force is depicted in Fig. 1 , where 1 L and 2 L denote the length of the arm. 0 L is the coordinate value of x 1 and the start point of the constraint surface. In this system, the constraint surface is represented as (75) and (1) becomes (76).
where s a and s b are real constants for the constraint surface. The system equation with actuators and the detail of the twolink robot system have been described in (48) Kanamori (2013b) . Input limits 2 ± V are given for the shoulder joint input and 1 ± V are given for the elbow joint input. The following values are used for the simulations. Fig. 2 shows the control performance using the normal PID controller. For the strict input limits, the windup phenomenon is observed at elbow joint input 2 u , as shown in the upper plots in Fig. 2 . As a result, considerable overshoots occur in shoulder joint angle 1 q and elbow joint angle 2 q , as shown in the lower plots in Fig. 2 . As shown in Fig. 3 , the contact force also degrades for the input saturation. In contrast, the windup phenomenon is restrained by using the proposed antiwindup PID controller, as shown in the upper plots in Fig. 4 . As a result, considerable overshoots are restrained very well, (32), (47) and (48) as shown in the lower plots in Fig. 4 . As shown in Fig. 5 , the control performance of the contact force is improved in comparison with that in Fig. 3 . Fig. 6 shows the validity of conditions (32), (47), and (48). The top plot shows the lefthand side of (32), where the right-hand side is transposed to the left-hand side. The middle and the lower plots correspond to the left-hand sides of (47) and (48), respectively. Since these values are positive or zero, it is confirmed that conditions (32), (47), and (48) are satisfied. These simulation results validate the analysis and design of the proposed antiwindup PID controller.
CONCLUSIONS
An anti-windup PID controller design for Euler-Lagrange systems under holonomic endpoint constraints has been presented. The control performance was examined by numerical simulations using a two-link robot arm with contact force. The simulation results validate the analysis and design of the proposed anti-windup PID controller.
